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Multi-Dimensional Analysis of Fluorescence Fluctuation Spectroscopy of
Lipid Anchored Proteins in Live Cells Reveal Complex Organization in
the Plasma Membrane
Hector H. Huang, Chris R. Rhodes, Katherine N. Alfieri, John T. Groves.
University of California Berkeley, Berkeley, CA, USA.
Membrane organization of lipid anchored proteins plays a fundamental role in
proper cell signaling behavior. Several important signaling proteins, such as
members of the Src family of kinases, are anchored to the membrane by cova-
lent acyl, alkyl, and glycosylphosphatidylinositol (GPI) moieties. A convenient
approach to studying this lipid anchor organization in cells is to image genet-
ically encoded lipidation motifs of various signaling proteins fused to a fluores-
cent protein. However, previous efforts to reduce this lateral organization to a
simple model often ignore the complexity inherent in cell membranes and have
contributed to an inconsistent picture of membrane organization.
We use two-color fluorescence fluctuation spectroscopy to study the spatial or-
ganization of fluorescently tagged lipid anchors in live cell membranes. In or-
der to retain the complexity of this organization, we simultaneously observe
several modes of lipid anchor dynamics by employing a multi-dimensional
analysis of the time-resolved fluorescence data. Time-correlated single photon
counting (TCSPC) data is gathered on a 3-detector system optimized for simul-
taneous polarization and two-color fluorescence correlation spectroscopy
(FCS). The degree of dynamic colocalization of eGFP- and mCherry-fused
lipid anchors can be quantified by pulse-interleaved excitation fluorescence
cross-correlation spectroscopy (PIE-FCCS), while single color FCS evaluates
the translational mobility of the lipid anchors. The photon counting method
also allows for time-resolved fluorescence anisotropy (TRFA) measurements,
evaluating the rotational diffusion of the fluorescent protein, as well as fluores-
cence lifetime measurements to determine energy transfer. Taken together, this
simultaneous multi-dimensional analysis of time-resolved fluorescence data of-
fers a powerful approach towards determining the complex organizations of
lipid anchors in live cell membranes.
Platform: Advances in Single-Molecule
Spectroscopy
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Single Molecule Imaging In Vivo Determines Post-Transcriptional RNA
Processing Dynamics
Matthew L. Ferguson1, Antoine Coulon2, Valeria de Turris3,
Murali Palangat1, Carson C. Chow2, Daniel R. Larson1.
1Laboratory of Receptor Biology and Gene Expression, National Cancer
Institute, Bethesda, MD, USA, 2Laboratory of Biological Modeling, National
Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD,
USA, 3Center for Life Nanoscience, University of Rome, Rome, Italy.
The synthesis and splicing of pre-mRNA to form completed transcripts requires
coordination between two large multi-subunit complexes (the RNA polymerase
and the spliceosome). Using dual color single molecule RNA imaging in living
human cells, we previously observed kinetic competition during the transcrip-
tion cycle which resulted in both co- and post- transcriptional splicing of pre-
mRNA. By combining transcription site fluctuation analysis and RNA imaging
we construct a model of RNA synthesis and processing.We see that themajority
of pre-mRNAs are spliced after release, while diffusing away from the site of
transcription. By single molecule tracking, we measure the distribution of pre-
mRNA around the site of transcription. By Raster Image Correlation Spectros-
copy (RICS), we measure the diffusion coefficient of pre-mRNA and determine
that pre-mRNAis splicedwithin 5 seconds of cleavage from the transcription site
suggesting that intron removal is more efficient after cleavage and release of
nascent RNA. We further investigate the role of splicing factors and mutations
on the transcription and splicing dynamics and localization of pre-mRNA.
Left: intron, exon and merge (black arrow
indicates the transcription site). Right: pro-
file through an unspliced and spliced RNA
molecule.1128-Plat
Combined Single Molecule Recognition Imaging and Force Spectroscopy
to Study the Interactions Between Uncoupling Proteins and Purine Nucle-
otides
Melanie Ko¨hler1, Gabriel Pu¨rstinger2, Rong Zhu1, Anne Rupprecht2,
Hermann J. Gruber1, Elena E. Pohl2, Peter Hinterdorfer1.
1Institute of Biophysics, Johannes Kepler University, Linz, Austria, 2Institute
of Physiology, Pathophysiology and Biophysics, University of Veterinary
Medicine, Vienna, Austria.We combined recognition imaging and force spectroscopy so as to study the
interactions between receptors and ligands on the single molecule level. This
method allowed the selection of a single receptor molecule reconstituted in a
supported lipid membrane at low density, with the subsequent quantification
of the receptor-ligand unbinding force. Based on atomic force microscopy
(AFM) tapping mode a cantilever tip carrying a ligand molecule was oscillated
across a membrane. Topography and recognition Images of reconstituted recep-
tors were recorded simultaneously by analysing the downwards and upwards
parts of the oscillation, respectively. Functional receptor molecules were
selected from the recognition image with nanometer resolution before the
AFM was switched to the force spectroscopy mode, using positional feedback
control. The combined mode allowed for dynamic force probing on different
pre-selected molecules, resulting in a higher throughput when compared with
force mapping. We applied this method for a quantitative characterization of
the interaction between uncoupling proteins (UCP) and purine nucleotides
(PN). The UCPs are mitochondrial proton transporters, which are proposed
to be involved in thermogenesis, reactive oxygen sites (ROS) regulation and
metabolism. Recently we hypothesized that PNs bind to UCP1 from cis- and
transsite, although only cis-binding led to protein inhibition [1]. So as to get
better insight into the molecular mechanism of this interaction we characterized
the oligomeric state of UCPs reconstituted in lipid membranes and probed their
interaction force with PNs using dynamic force spectroscopy. In the latter
mode, the dynamics of force loading was varied, which elucidated the recogni-
tion dynamics and yielded information about binding pocket, binding energy
barriers, and chemical reaction rates. This study was supported by the FWF
project FWFP25357000. [1] Zhu, et al. JACS 135 (2013) 3640.
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Single Molecules in Attoliter Droplets: A Comparison of FRET from Free
and Confined RNA
Peker Milas, Sheema Rahmanseresht, Ben D. Gamari, Lori S. Goldner.
Physics, University of Massachusetts, Amherst, MA, USA.
Single molecular-pair fluorescence resonance energy transfer (FRET) has
become a cross-disciplinary tool for understanding molecular folding and inter-
actions. To the extent that much of this work is in vitro, many methods have
been devised to hold molecules in a detection volume. Among others, these
include surface functionalization and attachment, liposomal confinement, and
gel encapsulation. Here we demonstrate the use of free, but slowly diffusing,
attoliter volume aqueous droplets in perfluorinated oil as nanoenvironments
for single-molecule sensitive measurement. FRET from dye-labeled RNA
confined to droplets is compared with FRET from freely-diffusing RNA. We
show that droplet-confinement results in dramatically higher signal-to-noise
and longer observation times than are possible for freely-diffusing molecules.
The effects of confinement on the molecular environment will be discussed,
and a method for determining the pH in attoliter droplets will be described.
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Combining Accurate FRET and Tracking of Single Protein and DNAMol-
ecules in Live Bacteria
Anne Plochowietz, Robert Crawford, Louise Aigrain, Marko Sustarsic,
Achillefs N. Kapanidis.
Univeristy of Oxford, Oxford, United Kingdom.
In vivo single-molecule FRET (smFRET) is an excellent tool for studying nano-
scale structure and conformational changes in living cells. We have recently
introduced an electroporation-based method to internalize DNA and proteins
labeled with organic fluorophores into living bacteria and established the
ability for long-lived single-molecule fluorescence and FRET measurements.
However, further developments, such as optimization of electroporation condi-
tions as well as quantitative smFRET analysis, are needed to make the method
more robust and general.
Using singly labeled DNA fragments, we optimized internalization efficiency
and cell viability for six electroporation voltages, achieving >70% loading
and viability similar to non-treated cells. To characterize and optimize in
vivo smFRET measurements, we used DNAs and proteins site-specifically
labeled with organic fluorophores. Specifically, we used doubly-labeled DNA
FRET standards (45-bp long and having in vitro FRET efficiencies of ~20%,
~50%, and ~85%) and doubly labeled derivatives of DNA Polymerase I. Using
an alternating laser excitation scheme, we measured apparent FRET effi-
ciencies (E*) at the single-cell and single-molecule levels for DNAs labeled
with more than six FRET-dye-pairs; we also established in vivo FRET correc-
tions for immobilized molecules accounting for cellular autofluorescence, spec-
tral cross-talk and differences in detector efficiencies and quantum yields. We
measured smFRET efficiencies within diffusing DNAs and proteins tracked for
~10s. We have also studied the diffusion profile and FRET status of DNA
Polymerase I during DNA replication and repair; the diffusion profile reports
224a Monday, February 17, 2014on polymerase binding to chromosomal DNA, whereas FRET efficiencies
report on protein conformational states (E*~50%: binary polymerase-DNA
complex; E*~70%: ternary polymerase-DNA-nucleotide complex). These
novel and general smFRET tools should allow visualization of protein structure
in vivo and report on how conformational changes affect cellular mechanisms.
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Single Molecule Diagnostic Method to Reveal Cancer-Related EGFR
Signaling
Hong-Won Lee, Min Kwon Cha, Kihyuk Shin, Seung-Hyo Lee,
Tae-Young Yoon.
KAIST, 335 Gwahak-ro, Yuseong-gu, Daejeon, Korea, Republic of.
Receptor tyrosine kinases (RTK) regulate cell fate such as differentiation, pro-
liferation, survival and migration via recruiting SH2 containing downstream
proteins. Dysregulated interaction between RTK and SH2 containing down-
stream protein incessantly activates MAPK or PI3K-Akt pathway which will
cause a cancer in various organs. Real-time single-molecule co-
immunoprecipitation (co-IP) is able to reveal quantitatively these protein-
protein interactions using endogenous proteins at single molecule resolution.
Here we develop a single molecule diagnostic method measuring endogenous
epidermal growth factor receptor (EGFR) signaling extracted from cancer cell
lines or lung tissues of cancer patients with eGFP labeled Grb2 as a probe, an
adaptor protein containing SH2 involved in various EGFR signaling pathways
using real-time single-molecule co-IP. This method distinguishes cell lines or
tissues expressing highly activated EGFR. We also demonstrate that even
cell lines have the same EGFR mutation, aA746-E750, protein interaction
network can be altered, which is not revealed by genome sequencing based
diagnosis. Our approach allows us to investigate signaling network of proteins
at single molecule resolution. It also suggests a concept of a molecular diag-
nostic method at protein-protein interaction level.
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Improved Single-Molecule Force Spectroscopy Using Micro-Machined
Cantilevers
Matthew S. Bull1,2, Hongbin Li3, Thomas T. Perkins2,4.
1Physics, University of Colorado, Boulder, CO, USA, 2JILA, National
Institute of Standards and Technology and University of Colorado, Boulder,
CO, USA, 3Chemistry, University of British Columbia, Vancouver, BC,
Canada, 4Molecular, Cellular and Developmental Biology, University of
Colorado, Boulder, CO, USA.
Enhancing the short-term force precision of atomic force microscopy (AFM)
while maintaining its long-term force stability shows promise for improving
AFMperformance acrossmultiplemodalities, particularly singlemolecule force
spectroscopy (SMFS). SMFS is a powerful method to probe the dynamics and
energetics of a wide range of bio-molecules (proteins, RNA, and DNA). The
equilibrium folding and unfolding of such macromolecules is sensitive to sub-
pN changes in force. Recently, we demonstrated sub-pN force precision and sta-
bility over a broad bandwidth (Df¼ 0.01-20Hz) by removing a cantilever’s gold
coating. Maintaining long-term force stability requires soft cantilevers, due to
instrumental noise in cantilever detection at low frequencies. Improving short-
term force precision requires decreased hydrodynamic drag, a consequence of
the fluctuation-dissipation theorem.We met these two - often competing - goals
by using a focused ion-beam to micromachine a short (L¼ 40 mm) commercial
cantilever. Our efficient process led to a 10-fold reduction in stiffness and a 10-
fold reduction in the effective hydrodynamic drag at affordable cost (~$30/
cantilever in an academic setting). As a result, we extended the AFM’s sub-
pN bandwidth by a factor of ~50 to span five decades of bandwidth (Df ¼
0.01-1,000Hz).Moreover, we did so while preserving a cantilever’s high reflec-
tivity while avoiding the detrimental effects of a gold coating. Finally, the ben-
efits of micromachined cantilevers were demonstrated by mechanically
unfolding a polyprotein, a common substrate for SMFS experiments.We expect
these responsive yet stable cantilevers to broadly benefit AFM-based research.
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Fast Spatiotemporal Correlation Spectroscopy to Determine Protein
Lateral Diffusion Laws in Live Cell Membranes
Carmine Di Rienzo1, Enrico Gratton2, Fabio Beltram1,
Francesco Cardarelli3.
1Istituto Italiano di Tecnologia, Scuola Normale Superiore & Istituto
Nanoscienze, Consiglio Nazionale delle Ricerche, Pisa, Italy, 2Laboratory for
Fluorescence Dynamics, Biomedical Engineering Dept., University of
California at Irvine, Irvine, CA, USA, 3Istituto Italiano di Tecnologia, Pisa,
Italy.
Here we present a straightforward image correlation analysis method to study
the dynamics of fluorescently-labeled plasma-membrane proteins in live cells
with high spatiotemporal resolution1. Notably, we don’t extract and trackeach molecule, but we calculate population behavior using all molecules in a
given region of the membrane. First, fast imaging of a given region on the
membrane is achieved. Then, acquisitions at increasing time delays are corre-
lated, for example each 2, 3, n repetitions. If particles diffuse, the width of the
peak of the spatial autocorrelation function increases as the time delay between
frames increases. Fitting of the series of autocorrelation functions enables to
extract the actual protein ‘diffusion law’ from imaging, in the form of a
mean square displacement vs time-delay plot (iMSD). The iMSD yields a quan-
titative view of the temporal evolution of the average molecular positions with
nanometer accuracy, and no need for interpretative models. We demonstrate
the potentiality of our approach by studying the regulation of protein lateral
diffusion in live cell membranes. By using a GFP-tagged variant of the Trans-
ferrin Receptor (TfR) we are able to observe the regulation of protein diffusion
imparted by the cytoskeleton meshwork on mm-sized membrane regions in the
micro-to-milli-second time range. We show that our approach can successfully
recover TfR diffusion parameters over many microns, and their variation in
response to drug treatments or temperature shifts. Potential extension of this
method to the 3D intracellular environment and differences with respect to
other approaches will be discussed.
1. Di Rienzo, C., Gratton, E., Beltram, F. & Cardarelli, F. Proc Natl Acad Sci
USA 110, 12307-12 (2013).
Work supported by NIH grants P50-GM076516 and P41-GM103540 (to E.G.)
and Fondazione Monte dei Paschi di Siena grant (to F.B.)
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DNA Y Structure: A Multidimensional Single Molecule Assay
James Inman1, Ben Smith1,2, Michael Hall1,3, Robert A. Forties1,4,
Michelle D. Wang1,4.
1Department of Physics, LASSP, Cornell University, Ithaca, NY, USA,
2Current Address - Google Inc., New York, NY, USA, 3current address -
Microsoft Inc., Redmond, WA, USA, 4Howard Hughes Medical Institute,
Cornell University, Ithaca, NY, USA.
Single molecule techniques have enabled significant advancement in the under-
standing of biological systems. However, current optical trapping techniques
allow for force, extension and torque to be measured only along the axis of
applied tension. This one dimensional aspect limits studies of complex biolog-
ical systems due to the difficulty of data interpretation. Next generation optical
trapping assays need to expand the number of measurement dimensions to cap-
ture the behaviors of multi-component biological systems. In addition, it would
be advantageous for these new assays to combine optical trapping with fluores-
cence. Here, we present a novel assay which utilizes a dual beam optical trap to
hold a three-arm DNA construct, which we call a Y structure. This design com-
bines all manipulation capabilities of existing optical trapping techniques and
enables simultaneous stretching, unzipping, and twisting of the same piece of
DNA. We have characterized the mechanical properties of the Y structure by
unzipping under force and torque, and have theoretically modeled the resulting
data. We have also demonstrated that this assay is compatible with fluorescence
by unzipping through a fluorescently labeled DNA-bound protein and
observing its subsequent fate. These features, taken together, should enable
the study of more complex biological systems.
Platform: Micro- and Nanotechnology I
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Regulating Spatiotemporal Dynamics of Notch Signaling in Live Cells via
Magnetoplasmonic Nanoprobes
Daeha Seo1,2, Jiwook Kim3, Justin Farlow1, Hyunjung Lee1,
Paul Alivisatos2,4, Jinwoo Cheon3, Zev Gartner1, Young-wook Jun1.
1University of California San Francisco, San Francisco, CA, USA,
2University of California, Berkeley, CA, USA, 3Yonsei University, Seoul,
Korea, Republic of, 4Lawrence Berkeley National Laboratory, Berkeley, CA,
USA.
Notch signaling is a key cell-to-cell communicationmechanism during develop-
ment and in normal tissue maintenance and cancer. Signals exchanged between
neighboring cells via Notch can reinforce molecular differences which eventu-
ally direct the fate decision of individual cells. Despite increasing knowledge of
these signaling events, little is known about how spatiotemporal dynamics of the
receptor signaling across a cell influence the signal exchange. In this presenta-
tion, we introduce an advanced nano-probing system that mimics binary cell
communication via Notch, while providing systematic spatiotemporal control
of Notch signaling in live cells. This new nanosystem enabled simultaneous
observation of Notch dynamics and signal activation with single molecule res-
olution in live cells for the first time. We envision this nano-probing system
as a next generation force microscopy technology platform to quantify and con-
trol force-mediated biological processes at the subcellular level.
